Pterostilbene (PTE) is a stilbene-derived phytoalexin that originates from several natural plant sources. In this study, we evaluated the activity of PTE against Candida albicans biofilms and explored the underlying mechanisms. In 2,3-bis-(2-methoxy-4nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction assays, biofilm biomass measurement, confocal laser scanning microscopy, and scanning electron microscopy, we found that <16 g/ml PTE had a significant effect against C. albicans biofilms in vitro, while it had no fungicidal effect on planktonic C. albicans cells, which suggested a unique antibiofilm effect of PTE. Then we found that PTE could inhibit biofilm formation and destroy the maintenance of mature biofilms. At 4 g/ ml, PTE decreased cellular surface hydrophobicity (CSH) and suppressed hyphal formation. Gene expression microarrays and real-time reverse transcription-PCR showed that exposure of C. albicans to 16 g/ml PTE altered the expression of genes that function in morphological transition, ergosterol biosynthesis, oxidoreductase activity, and cell surface and protein unfolding processes (heat shock proteins). Filamentation-related genes, especially those regulated by the Ras/cyclic AMP (cAMP) pathway, including ECE1, ALS3, HWP1, HGC1, and RAS1 itself, were downregulated upon PTE treatment, indicating that the antibiofilm effect of PTE was related to the Ras/cAMP pathway. Then, we found that the addition of exogenous cAMP reverted the PTE-induced filamentous growth defect. Finally, with a rat central venous catheter infection model, we confirmed the in vivo activity of PTE against C. albicans biofilms. Collectively, PTE had strong activities against C. albicans biofilms both in vitro and in vivo, and these activities were associated with the Ras/cAMP pathway.
C andida albicans is the most common fungal pathogen, and it causes superficial to life-threatening infections (1) . Infections caused by C. albicans remain the predominant nosocomial fungal infections, due to the increasing population of patients whose immune systems are compromised by AIDS or immunosuppressant or anticancer therapy (2, 3) . The number of available antifungal drugs is limited, and repeated exposure to these limited antifungal agents has led to the rapid development of drug resistance (4) .
Biofilms are microbial communities composed of cells adhering to abiotic or biotic surfaces, and these adherent cells are frequently embedded in a polymeric extracellular matrix (5) . Unlike planktonic cells, C. albicans biofilms display resistance to a wide variety of clinical antifungal agents, including amphotericin B and fluconazole (6, 7) , and they play a contributing role in the process of C. albicans infections (8, 9) . Therefore, there is an urgent need to develop new antifungal agents against C. albicans biofilms.
Pterostilbene (PTE) (Fig. 1) is a stilbene-derived phytoalexin that originates from several natural plant sources, such as Pterocarpus marsupium (the Indian kino tree), Pterocarpus santalinus (red sandalwood), Vitis vinifera (common grape vine), and Vaccinium ashei (rabbiteye blueberry) (10) (11) (12) (13) . It has been reported that PTE has potential health benefits as an anticancer, anti-inflammatory, antioxidant, and analgesic agent (14) (15) (16) (17) . Meanwhile, it has strong activity against some plant fungal pathogens, such as Phomopsis viticola, Phomopsis obscurans, and Botrytis cinerea (18) (19) (20) . Nevertheless, its activity against C. albicans has not yet been investigated.
In this study, we evaluated the activities of PTE against C. albicans biofilms in vitro and in vivo, and we found that the antibiofilm activities of PTE are associated with the Ras/cAMP pathway.
MATERIALS AND METHODS
Strains, culture, and agents. C. albicans strains SC5314, Y0109, 0304103, and 01010 were used in this study. Strains were routinely grown in YPD (1% yeast extract, 2% peptone, and 2% dextrose) liquid medium at 30°C in a shaking incubator. PTE was synthesized by the Guangzhou Institute of Chemistry of the Chinese Academy of Sciences (Guangzhou, China). The level of purity of the synthesized PTE was Ն99% based on highperformance liquid chromatography (21) . For in vitro experiments, 6.4 mg/ml PTE in dimethyl sulfoxide (DMSO) was used as a stock and added to the culture suspensions to obtain the required PTE concentrations. For in vivo experiments, PTE was dissolved in 0.3 M 2-hydroxypropyl-␤cyclodextrin (HP-␤-CyD) solution prepared with isotonic saline (22) . Other media used included YPD plus 10% (vol/vol) fetal calf serum (FCS) (23) , Spider medium (23), Lee's medium (pH 6.8) (24) , synthetic lowammonium dextrose (SLAD) medium (25) , and RPMI 1640 medium (26) .
Time-kill curve assay. For the time-kill assay, exponentially growing C. albicans cells were washed with phosphate-buffered saline (PBS), resuspended with RPMI 1640 medium to 1 ϫ 10 6 cells/ml, and divided into 4 cultures. Different concentrations of PTE were added to the C. albicans suspensions. The samples were cultured at 30°C under constant shaking (200 rpm). Portions of cell suspensions were withdrawn at predetermined time points (0, 2, 4, and 6 h). Serial dilutions were plated on YPD agar to determine the CFU/ml of the cell suspensions. CFU were determined after incubation for 48 h at 30°C. Three independent experiments were performed (27) .
Antifungal susceptibility testing. Antifungal susceptibility testing was carried out in 96-well microtiter plates (Greiner, Germany) using the broth microdilution protocol of the Clinical and Laboratory Standards Institute methods (M27-A3) with a few modifications (26, 28, 29) . Briefly, the initial concentration of fungal suspension in RPMI 1640 medium was 10 3 CFU/ml, and the final concentrations ranged from 0.125 to 64 g/ml for fluconazole and 0.5 to 32 g/ml for PTE. Plates were incubated at 35°C for 24 h. The growth inhibition was determined by using a spectrophotometer. The optical density at 630 nm (OD 630 ) was measured, and background optical densities were subtracted from that of each well. Each strain was tested in triplicate. The MIC 80 s were determined, i.e., the lowest concentrations of the drugs that inhibited growth by 80%.
In vitro biofilm formation assay. The in vitro biofilm formation assay was carried out as described by Ramage et al. (30) with slight modifications. Briefly, the assay was performed in a 96-well tissue culture plate by seeding with 100-l aliquots of cell suspensions (1.0 ϫ 10 6 cells/ml) in RPMI 1640 medium and incubating them statically at 37°C. After 90 min for adhesion, the medium was aspirated, nonadherent cells were removed, and fresh RPMI 1640 was added. The plate was further incubated at 37°C for 24 h until formation of mature biofilms. A semiquantitative measure of the formed biofilms was calculated with a 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction assay (31) . To detect the effect of PTE on the formation of biofilms, different concentrations of PTE were added to fresh RPMI 1640 after 90 min of adhesion. The plates were further incubated at 37°C for 24 h. To detect the effect of PTE on mature biofilms, C. albicans biofilms were formed at 37°C for 24 h as described above. The biofilm supernatant was then discarded, and fresh RPMI 1640 medium containing different concentrations of PTE was added. The plates were incubated at 37°C for an additional 24 h to observe the antibiofilm effect of PTE.
Measurement of biofilm biomass. Biofilm biomass was measured as described by Nobile et al. (32) with slight modifications. Sterile 1.5-by 1.5-cm silicone squares were weighed, pretreated with bovine serum overnight, and washed with PBS before inoculation. Exponentially growing C. albicans cells were diluted to an OD 600 of 0.2 with Spider medium, and the suspension was added to a sterile 12-well plate with one prepared silicone square in each well. The inoculated plate was incubated with gentle agitation (150 rpm) for 90 min at 37°C until adhesion occurred. To remove nonadherent cells, the squares were washed with 2 ml PBS and then moved to a fresh 12-well plate containing 2 ml fresh Spider medium. For PTE treatment groups, PTE was added to the fresh Spider medium. The plate was incubated at 37°C for an additional 60 h at 75 rpm agitation to allow biofilm formation. The silicone squares with attached biofilms were removed from the wells, dried overnight, and weighed the following day. The total biomass of each biofilm was calculated by subtracting the weight of the silicone prior to biofilm growth from the weight of the silicone after the drying period, with adjustment for the weight of control silicone squares exposed to no cells. The mean dry biomass was calculated from five independent samples. Statistical significance was determined by an analysis of variance (ANOVA). A P value of less than 0.05 was considered statistically significant.
CLSM. Confocal laser scanning microscopy (CLSM) was performed as described previously (33) to determine the inhibitory effect of PTE on biofilm formation. In brief, 35-mm clear-wall glass-bottom dishes (catalog number 70670 -02; Ted Pella, Inc.) were inoculated with C. albicans statically at 37°C for 90 min to allow adhesion. After removing nonadherent cells, the dishes were incubated with fresh RPMI 1640 medium at 37°C for 24 h to allow biofilm formation. For PTE treatment groups, PTE was added to the fresh RPMI 1640 medium after 90 min of adhesion. The dishes were transferred to a new 6-well plates and incubated at 37°C for 45 min in 4 ml PBS containing the fluorescent stain FUN-1 (10 M; Molecular Probes, Eugene, OR) and concanavalin A (ConA; 25 g/ml; Molecular Probes)-Alexa Fluor 488 conjugate. FUN-1 (excitation wavelength of 543 nm and emission wavelength of 560 nm; long-pass filter) is converted to an orange-red cylindrical intravascular structure by metabolically active cells, while the ConA-Alexa Fluor 488 conjugate (excitation wavelength of 488 nm and emission wavelength of 505 nm; long-pass filter) binds to glucose and mannose residues of cell wall polysaccharides and emits green fluorescence. After incubation with the dyes, the dishes were flipped and C. albicans cells were observed under a Leica TCS SP2 CLSM.
SEM. For scanning electron microscopy (SEM), glass disks coated with poly-L-lysine hydrobromide (catalog number P6282; Sigma) were used to develop biofilms. The disks were inoculated with C. albicans and incubated statically at 37°C for 90 min to allow adhesion. After removing non-dherent cells, the disks were incubated with fresh RPMI 1640 medium at 37°C for 24 h. For PTE treatment groups, PTE was added with the fresh RPMI 1640 medium after 90 min of adhesion. Biofilms were washed and placed in a fixative consisting of 2% (vol/vol) glutaraldehyde in 0.15 M sodium cacodylate buffer (pH 7.2) for 2 h. The samples were rinsed twice in cacodylate buffer, garnished with 1% osmic acid for 2 h, dehydrated in an ascending ethanol series, treated with hexamethyl-disilazane (Polyscience Europe GmbH, Eppelheim, Germany), and dried overnight. The specimens were coated with gold and observed through a Philips XL-30 SEM (Philips, The Netherlands) in high-vacuum mode (34) .
CSH assay. C. albicans cellular surface hydrophobicity (CSH) was measured in a water-hydrocarbon two-phase assay as described previously (31) . Briefly, the formed C. albicans biofilms were removed from the flask surface to obtain a cell suspension (OD 600 , 1.0 in YPD medium). Then, 1.2 ml of suspension was pipetted into a clean glass tube and overlaid with 0.3 ml of octane. The mixture was vortexed for 3 min and then allowed to stand at room temperature for another 3 min for phase separation. Then, the OD 600 of the aqueous phase was determined. The OD 600 for the group without the octane overlay was used as the control. Three repeats were performed for each group. Relative hydrophobicity was calculated as follows: [(OD 600 of control Ϫ OD 600 after octane overlay)/ OD 600 of control] ϫ 100%.
Gene expression microarrays. Exponentially growing C. albicans cells were washed with PBS and resuspended with RPMI 1640 medium to 1 ϫ 10 6 cells/ml. Eighty milliliters of the C. albicans suspension was added to 150-mm by 25-mm polystyrene cell culture dishes (Corning). The dishes were incubated statically at 37°C to allow initial adhesion and the production of germ tubes. After incubation for 90 min, the medium was removed and replaced with 80 ml fresh RPMI 1640 medium containing 16 g/ml PTE, or DMSO as the control. The dishes were further incubated statically at 37°C for 1 h. C. albicans cells were collected, washed once with PBS, and stored in liquid nitrogen rapidly. Triplicate independent experiments were conducted on each sample for the following microarray experiments.
For biological replicates, triplicate independent experiments were carried out for the microarray assay. Total RNA was isolated by the Capital-Bio Corporation by using the hot phenol method (35) and purified with a NucleoSpin Extract II kit (Macherey-Nagel Corp., Germany) following the manufacturer's protocol. cDNA labeled with a fluorescent dye (Cy5 or Cy3-dCTP) was produced by Eberwine's linear RNA amplification method and subsequent enzymatic reaction. This procedure has been previously described (36) (37) , and the procedure has been improved by using CapitalBio cRNA amplification and labeling kit to produce higher yields of labeled cDNA. In detail, double-stranded cDNAs (containing the T7 RNA polymerase promoter sequence) were synthesized from 1 g total RNA using the CbcScript reverse transcriptase with the cDNA synthesis system according to the manufacturer's protocol (Capitalbio) with T7 oligo(dT). The T7 oligo(dT) primer was provided in the kit, and has the sequence 5=-AAACGACGGCCAGTGAATTGTAATACGACTCACTAT AGGCGCTTTTTTTTTTTTTTTTT-3=. After completion of doublestranded cDNA (dsDNA) synthesis using DNA polymerase and RNase H, the dsDNA products were purified using a PCR NucleoSpin Extract II kit and eluted with 30 l elution buffer. The eluted double-stranded cDNA products were vacuum evaporated to 16 l and subjected to 40 l in vitro transcription reactions at 37°C for 4 to 14 h using T7 enzyme mix. The amplified cRNA was purified using the RNA cleanup kit. The Klenow enzyme labeling strategy was adopted after reverse transcription using CbcScript II reverse transcriptase. Briefly, 2 g amplified RNA was mixed with 4 g random nanomer, denatured at 65°C for 5 min, and cooled on ice. Then, 5 l of 4ϫ first-strand buffer, 2 l of 0.1 M dithiothreitol, and 1.5 l CbcScript II reverse transcriptase were added. The mixtures were incubated at 25°C for 10 min and then at 37°C for 90 min. The cDNA products were purified using a PCR NucleoSpin Extract II kit and vacuum evaporated to 14 l. The cDNA was mixed with 4 g random nanomer, heated to 95°C for 3 min, and snap-cooled on ice for 5 min. Then, 5 l Klenow buffer, deoxynucleoside triphosphate, and Cy5-dCTP or Cy3-dCTP (GE Healthcare) were added to final concentrations of 240 M dATP, 240 M dGTP, 240 M dTTP, 120 M dCTP, and 40 M Cy-dCTP. A 1.2-l volume of Klenow enzyme was then added, and the reaction was performed at 37°C for 90 min.
Labeled cDNA was purified with a PCR NucleoSpin Extract II kit and resuspended in elution buffer. Labeled controls and test samples were quantitatively adjusted based on the efficiency of Cy5-dCTP or Cy3-dCTP incorporation and dissolved in 80 l hybridization solution containing 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.2% SDS, 5ϫ Denhardt's solution, and 25% formamide. DNA in hybridization solution was denatured at 95°C for 3 min prior to loading onto the microarray. Arrays were hybridized in a CapitalBio BioMixer II hybridization station overnight at a rotation speed of 8 rpm and a temperature of 42°C, and then washed in a Capitalbio SlideWasher (CapitalBio) with two consecutive solutions (0.2% SDS, 2ϫ SSC at 42°C for 5 min, and then 0.2ϫ SSC for 5 min at room temperature). Arrays were scanned with a confocal LuxScan scanner, and the images obtained were then analyzed using the LuxScan 3.0 software (both from CapitalBio). For individual channel data extraction, faint spots were removed if their intensities were below 400 units after the background was subtracted in both channels (Cy3 and Cy5). A space-and intensity-dependent normalization based on a LOWESS program was employed (38) . To determine the significant differentially expressed genes, a significance analysis of microarrays (SAM, version 3.02) were performed (see Table S1 in the supplemental material). Genes with q value of Ͻ5%, a false-discovery rate (FDR) of Ͻ5%, and a change of Ն2-fold in C. albicans strains following PTE exposure were identified as significantly differentially expressed genes (see Table S2 in the supplemental material). A Gene Ontology (GO) enrichment search was conducted by using the Candida Genome Database GO term finder (http://www.candidagenome.org/cgi-bin/GO/goTermFinder) with default parameters (39) , and a corrected P value of less than 0.05 was considered significant (see Tables S3 and S4 in the supplemental material).
Real-time RT-PCR. Real-time reverse transcription-PCR (RT-PCR) was performed as described previously (40) . Aliquots of the RNA preparations used in the microarray experiments (triplicate samples) were saved for the real-time RT-PCR study. cDNA was obtained through a reverse transcription reaction performed with a reverse transcription kit (TaKaRa Biotechnology, Dalian, China). Real-time PCR was performed with SYBR green I (TaKaRa) and the LightCycler real-time PCR system (Roche Diagnostics, GmbH, Mannheim, Germany). Primers used in the real-time RT-PCR are shown in Table S5 of the supplemental material. The thermal cycling conditions comprised an initial step at 95°C for 2 min, followed by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 30 s. The change in fluorescence of SYBR green I in every cycle was monitored, and the threshold cycle (C T ) above background was determined. The C T value for 18S rRNA was subtracted from that of the gene of interest to obtain a ⌬C T value. The ⌬C T value of the untreated sample was subtracted from the ⌬C T value of the PTE-treated sample to obtain a ⌬⌬C T value. The relative change of the gene expression level was calculated using the formula 2 Ϫ⌬⌬CT . In vivo biofilm model. For the in vivo study, an overnight routine culture of C. albicans SC5314 was washed and resuspended with normal saline. A rat central venous catheter infection model (41) was used to demonstrate the antibiofilm effect of PTE in vivo. Briefly, 12 female Sprague-Dawley rats (Shanghai SLAC Laboratory Animal Center, China) weighing about 300 g were used in this study. The rats were anesthetized, placed in a supine position, and prepared in a sterile fashion. A vertical incision was made on the skin of the anterior neck right to the midline. The external jugular vein was identified, and a longitudinal incision was made in the vein wall. For each rat, a sterile, heparinized polyethylene catheter (PE 90; inner diameter, 0.76 mm, and outer diameter, 1.27 mm; Smiths Medical) was placed in the opening and advanced to a site above the right atrium (about 2 cm) 24 h prior to C. albicans infection. The infection was established by intraluminal instillation of 500 l C. albicans cells (1 ϫ 10 6 cells/ml). After 4 h of indwelling, the catheter content was withdrawn and the catheter was flushed with 500 l liquid containing different concentrations of PTE (0, 16, 32, and 64 g/ml; 3 rats per group). After 72 h of incubation, animals were sacrificed by CO 2 asphyxiation, and the catheters were removed. The distal 2 cm of each catheter was cut from the entire catheter length and imaged using SEM as described above.
The animal experiments were approved by the Animal Ethics Committee of the Second Military Medical University (Shanghai, China). All surgical procedures were performed under sodium pentobarbital anesthesia. To minimize suffering or substantial distress and to enhance animal welfare during the study, rats were recorded and clinically inspected during the whole study (at least twice daily, depending on trauma severity). Daily monitoring and examinations were carried out to ensure that there were no cases of dehydration, to control the body temperature, and in general, to prevent any severe discomfort of the animals.
Microarray data accession number. All of the transcription data were deposited in the NCBI Gene Expression Omnibus (GEO) database and assigned accession number GSE43690 and platform identification number GPL9728.
RESULTS

Fungicidal effect of PTE.
It has been reported that PTE has strong activity against some plant fungal pathogens (18) (19) (20) . Nevertheless, its activity against C. albicans has not yet been investigated. In this study, we first evaluated the fungicidal effect of PTE on C. albicans. However, very weak fungicidal activity of PTE was found. As shown in Fig. 2 , time-kill curves indicated that Յ16 g/ml PTE had no significant fungicidal effect on C. albicans, as the SC5314 strain grew to more than 5 ϫ 10 6 CFU/ml after 6 h of treatment, similar to that with the control group without PTE treatment (Fig.  2) . In contrast, 32 g/ml PTE exhibited strong antifungal activity (P Ͻ 0.001), as only about 1 ϫ 10 4 CFU/ml survived after 6 h of treatment (Fig. 2 ). In addition, the results of antifungal susceptibility tests indicated that PTE had antifungal activity, with a MIC 80 of PTE for both fluconazole-susceptible strains and fluconazoleresistant strains of 32 g/ml (Table 1) .
PTE inhibits the formation of C. albicans biofilms in vitro. We then evaluated the effect of PTE on C. albicans biofilm forma-tion in an XTT reduction assay and determined the antibiofilm effect of PTE. Addition of PTE to C. albicans cells after 90 min of adhesion inhibited biofilm formation in a dose-dependent manner ( Fig. 3A ). More specifically, 1 g/ml PTE inhibited biofilm formation by about 17% (P Ͻ 0.05), and this antibiofilm effect increased as the PTE concentration increased. In the 16-g/ml PTE group, the biofilm formation rate was about 18% relative to the control group (without PTE treatment). Notably, under the condition that the biofilms were mature after 24 h of incubation at 37°C, PTE also inhibited biofilms in a dose-dependent manner ( Fig. 3B ). At 4 g/ml, PTE inhibited mature biofilms by about 7% (P Ͻ 0.05). The antibiofilm effect increased with the PTE concentration. In the 64-g/ml PTE group, the maintenance rate of biofilm was about 30% compared with the control group without PTE treatment. Collectively, PTE exhibited an antibiofilm effect.
The results of biofilm biomass determination also confirmed the results of the XTT reduction assay, indicating that PTE inhibited biofilm formation in a dose-dependent manner (Fig. 3C ). Biofilm formation was seriously affected in the 8-g/ml PTE group compared with the control group without PTE treatment (P Ͻ 0.001). With increasing PTE, the effect on biofilms was more obvious.
The antibiofilm effect of PTE was further confirmed by CSLM and SEM. Compared with the normal C. albicans biofilm, with true hyphae criss-crossing ( Fig. 3D , panel a, and E, panels a to c), C. albicans biofilm formation was disrupted by PTE in a dosedependent manner ( Fig. 3D and E) . The 8-g/ml dose of PTE led to a reduction in cell density and a defect in filamentation (Fig. 3D,  panel b , and E panels d to f). When the PTE concentration was increased to 16 g/ml and 32 g/ml, cell density was further reduced and the defect in filamentation became more obvious (Fig.  3D , panels c and d, and E, panels g to l).
PTE decreases CSH of C. albicans. Knowing that adhesion and morphological transition are two important stages for C. albicans biofilm formation (42) and that there is a positive correlation between CSH and adhesion of C. albicans (43) (44) (45) , we first examined the effect of PTE on CSH of C. albicans. The normal CSH of C. albicans was found to be 0.67 (Fig. 4) . The 1-g/ml PTE dose significantly decreased CSH to 0.47 (P Ͻ 0.001) (Fig. 4 ). In addition, PTE decreased the CSH of C. albicans in a dose-dependent manner (Fig. 4) . The CSH of C. albicans decreased to 0.03 in the 16-g/ml PTE group (Fig. 4) . Collectively, PTE decreased the CSH of C. albicans. PTE inhibits hyphal formation of C. albicans. The activity of PTE on the yeast-to-hypha morphological transition of C. albicans was further evaluated by growing C. albicans in several media known to induce morphological transition, including YPD plus FCS (liquid and solid media), Spider (liquid and solid media), Lee (liquid and solid media), and SLAD (liquid) media. Without PTE treatment, C. albicans formed hyphae in all the media tested. At 4 g/ml, PTE inhibited the yeast-to-hypha morphological transition to some extent and inhibited the morphological transition in a dose-dependent manner (Fig. 5 ). The addition of 16 g/ml PTE totally disrupted the formation of true hyphae in all the media tested: yeast-form cells and pseudohyphae were observed in YPD plus FCS liquid medium (Fig. 5) ; only yeast-form cells were observed in Spider, Lee, and SLAD liquid media (Fig. 5) ; only smooth-edged colonies were observed on YPD plus FCS, Spider, and Lee solid media (see Fig. S1 in the supplemental material).
Exposure to PTE alters C. albicans gene expression. In the microarray experiments, changes in C. albicans gene expression after PTE treatment were observed. The 16-g/ml PTE dose was used in the assay because it had a significant antibiofilm effect against C. albicans but had little fungicidal effect on planktonic C. albicans cells. It was found that 307 genes were differentially expressed after exposure to PTE for 1 h, including downregulation of 193 genes and upregulation of 114 genes (cutoff value of 2) (see Table S2 in the supplemental material). Through GO term analysis, we found that the differentially expressed genes could be assigned to several categories. Of note, the downregulated categories included the ergosterol biosynthesis process, oxidoreductase activity function, and the cell surface component (see Table S3 in the supplemental material), and the upregulated categories included the protein unfolding process (heat shock proteins) (see Table S4 in the supplemental material). More specifically, 15 ergosterol biosynthesis-related genes, 19 oxidoreductase genes, and 18 cell surface-related genes were downregulated (Table 2) , while 3 protein unfolding process-related genes (heat shock protein genes) were upregulated (Table 3 ). Since PTE inhibits biofilm/filamentation of C. albicans, we further focused on some important biofilm/filamentation-related genes. Notably, RAS1 (the RAS signal transduction GTPase gene [46] ), ECE1 (cell elongation protein gene [47] ), SAP5 (secreted aspartyl proteinase gene [48] ), and SAM2 (S-adenosylmethionine synthetase gene [49] ) were downregulated (Table 2) , while ESC4 (a gene playing a role in inhibiting biofilm formation [50] ) and YWP1 (a gene that encodes yeast cell wall protein [51] ) were upregulated (Table 3) , which was consistent with the antibiofilm/antifilamentation effects of PTE.
To validate the changes in gene expression identified by microarray analysis, we selected 8 genes (RAS1, ECE1, CEK1, YWP1, RIM8, ERG11, PGA10, and HSP78) for real-time RT-PCR analysis. These certain genes were selected because they are involved in filamentation (RAS1, ECE1, CEK1, YWP1, and RIM8), ergosterol biosynthesis (ERG11), cell surface (PGA10) and protein unfolding (HSP78), respectively, based on information in the CGD database (http://www.candidagenome.org/) and GO term analysis. The real-time RT-PCR results indicated that the expression levels of RAS1, ECE1, ERG11, and PGA10 were reduced, with relative fold changes of 0.18, 0.06, 0.20, and 0.13, respectively, while CEK1, YWP1, RIM8, and HSP78 were overexpressed after exposure to 16 g/ml PTE, with relative fold changes of 1.22, 3.24, 1.22, and 2.68, respectively (Fig. 6A ). Plotting the fold change obtained by realtime RT-PCR versus the value observed with the microarray analysis yielded an R 2 value of 0.95 (see Fig. S2 in the supplemental material), indicating a good correlation between the two data sets.
As was detailed in the previous section, stringent criteria were used to identify differentially expressed genes in our microarray assay (intensities below 400 units were regarded as faint spots in microarray; q value Ͻ 5%, FDR Ͻ 5%, and fold change Ն2; if looser criteria had been used, many more genes would have been detected by the microarray). To avoid missing some important yeast-to-hypha transition genes, including ALS1, ALS3, HWP1, EAP1, CSH1, BCR1, HGC1, and EED1 (52, 53; http://www .candidagenome.org/), we further detected the change in expression levels of these genes by using real-time RT-PCR. No obvious change was found in the expression of ALS1, EAP1, CSH1, BCR1, or EED1 (relative fold change Ͼ0.5 or Ͻ2) ( Fig. 6B) . Nevertheless, the expression levels of ALS3, HWP1, and HGC1 were downregulated after PTE treatment, with the relative change being 0.03-, 0.03-, and 0.25-fold, respectively ( Fig. 6B ). Of note, HWP1 and ALS3 were not identified to be differentially expressed, because their intensities were below 400 units in the microarrays. HGC1 was downregulated, but the average ratio was not less than 0.5 in the microarray assay.
Exogenous cAMP reverts the morphogenesis defect caused by PTE. Since a series of important genes in the Ras/cAMP pathway, including ECE1, ALS3, HWP1, HGC1, and RAS1 itself (54, 55) , were downregulated after PTE treatment, we hypothesized that the antibiofilm effect of PTE was related to the downregulation of the Ras/cAMP pathway. The effect of exogenous cAMP on the PTE-induced morphological transition defect was investigated. Since YPD plus FCS and Spider media are the two most common media used to induce the morphological transition in C. albicans (23, 52) and PTE exhibited a stronger effect in Spider medium (Fig. 5 ), we chose Spider medium for the cAMP experiment. The results showed that exogenous cAMP restored the yeast-to-hypha morphological transition after PTE treatment (Fig. 7) . Specifically, addition of 5 mM cAMP to solid or liquid Spider medium restored the hyphal formation in the 8-g/ml PTE group (Fig. 7) .
PTE inhibits C. albicans biofilm formation in vivo.
In the rat central venous catheter biofilm model, the antibiofilm effect of PTE in vivo was validated by inoculating animals via a central venous catheter with C. albicans and treating via the catheter with PTE intraluminally. The catheter was removed 72 h later, the luminal surface of which was observed by SEM. It was found that PTE inhibited C. albicans biofilm formation in the central venous catheter (Fig. 8) , while thick biofilms were formed on the intraluminal surface of the catheter without PTE treatment, and these biofilms consisted of hyphae, yeast cells, and heterogeneous matrix ( Fig. 8A to C) . In the 16-g/ml PTE group, C. albicans biofilm was defective, and only sparse cells were observed ( Fig. 8D to F) . In the 32-g/ml or 64-g/ml PTE group, no biofilm formation was observed, nor were fungal cells detected on the intraluminal surface of the catheter (Fig. 8G to I) , indicating that PTE has antibiofilm activity in vivo.
DISCUSSION
C. albicans biofilms constitute a threat to successful antifungal treatment (30) . In this study, we revealed a significant effect of PTE against C. albicans biofilms, including biofilm formation and maintenance of mature biofilms in vitro. We also found that PTE could decrease CSH and suppress the yeast-to-hypha morphological transition. The results of microarrays and real-time RT-PCR indicated that some important filamentation genes, ergosterol biosynthesis genes, cell surface-related genes, and heat shock protein genes were differentially expressed after exposure to 16 g/ml PTE. We further revealed that the effect of PTE was related to the Ras/cAMP pathway, and exogenous cAMP could restore the morphological transition of C. albicans under the condition of PTE exposure. Finally, we confirmed the antibiofilm effect of PTE in vivo.
To the best of our knowledge, this is the first report indicating that PTE has a strong antibiofilm effect against C. albicans in vitro and in vivo. It has been reported that PTE has a strong activity against some plant fungal pathogens, such as P. viticola, P. obscurans, and B. cinerea (18) (19) (20) . For example, Sobolev et al. (18) found that 30 M (about 8 g/ml) PTE inhibited the growth of P. viticola by 50%, the growth of P. obscurans by 100%, and the growth of B. cinerea by 80% within 144 h. In this study, we found that PTE had a strong antibiofilm effect against C. albicans. More importantly, PTE could not only inhibit the formation of biofilms but also destroy the maintenance of mature biofilms. At 16 g/ml (½ϫ MIC), PTE reduced biofilm formation by about 82%, and 64 g/ml (2ϫ MIC) PTE destroyed the maintenance of mature biofilms by about 70%. The effect of PTE was outstanding compared with various other antifungal agents. Vila et al. (56) found that at 16ϫ MIC, fluconazole could not inhibit the development of biofilms and that amphotericin B at 1ϫ MIC inhibited the development of biofilms but could not affect the maintenance of mature biofilms. In contrast, our data indicate that PTE possesses good antibiofilm activity. Of note, PTE possesses similar antifungal activity against both fluconazole-susceptible strains (SC5314 and Y0109) and fluconazole-resistant strains (strains 0304103 and 01010), with MIC 80 s of 32 g/ml for all four strains tested. C. albicans 0304103 and 01010 are strains that overexpress multidrug resistance genes (CDR1 and MDR1 [unpublished data]) and exhibit strong fluconazole resistance (MIC 80 , Ͼ64 g/ml). It can be inferred that PTE is quite different from fluconazole, at least with regard to C. albicans susceptibility and resistance.
The effect of resveratrol (3,5,4-trihydroxystilbene) , a close analogue of PTE, on C. albicans has been investigated previously (57) (58) (59) . However, its antifungal effect was much weaker than PTE. More specifically, Okamoto et al. revealed that the MIC 50 of resveratrol against C. albicans SC5314 was about 200 g/ml, and resveratrol (Ն40 g/ml) could inhibit the yeast-to-hypha morphological transition of C. albicans (57) , while Collado et al. (58) and Weber et al. (59) reported that resveratrol had no antifungal activity against C. albicans. In this study, we found that PTE has a much stronger antifungal effect against C. albicans than resveratrol, with a MIC 80 of 32 g/ml and a minimal concentration in- hibiting morphological transition of 4 g/ml. We are performing further studies to reveal the structure-activity relationship of PTE.
Our data indicate that PTE may inhibit biofilm formation by preventing adhesion (with CSH as the indicator [45] ) and morphological transition, rather than killing C. albicans cells. There are three known stages for biofilm formation: adhesion to biomaterial surfaces, growth to form an anchoring layer, and morphological transition to form a complex three-dimensional structure (40, 42, 60, 61) . Our data indicate that 16 g/ml (½ϫ MIC), PTE significantly inhibited biofilm formation, obviously decreased the CSH, and apparently inhibited the yeast-to-hypha morphological transition, while PTE at 16 g/ml did not kill C. albicans. Thus, the antibiofilm formation effect of PTE seems attributable to its antiadhesion and anti-morphological transition activities.
To clarify the antibiofilm mechanism of PTE, microarray and real-time RT-PCR analyses were performed in this study. Of note, first of all, some adhesion-and hypha-specific genes, including RAS1, ECE1, ALS3, HWP1, and HGC1, were downregulated after the 16-g/ml PTE treatment. Ras1 is a signal transduction GTPase that can induce hyphal formation by activating both the Ras/ cAMP pathway and the mitogen-activated protein (MAP) kinase pathway in C. albicans (52) . ECE1, ALS3, HWP1, and HGC1 are highly expressed in hyphae and play essential roles in the yeast-tohypha morphological transition of C. albicans (47, 53, (62) (63) (64) . The downregulation of these genes may contribute to the antibiofilm effect of PTE. Second, 15 ergosterol biosynthesis-related genes were downregulated after PTE treatment. It has been reported that ergosterol biosynthesis-related genes are upregulated during biofilm formation (65) , and the inhibition of ergosterol biosynthesis can significantly inhibit the morphological transition and biofilm development for C. albicans (66) . The downregulation of ergosterol biosynthesis may also contribute to the antibiofilm effect of PTE. Third, the expression of heat shock proteins was upregulated upon PTE treatment. Heat shock proteins are a group of molecular chaperones induced by stresses (67) . It can be inferred that C. albicans cells are under stress during PTE treatment. Fourth, PTE exposure may affect cell surface components of C. albicans, which is in accordance with the findings with Saccharomyces cerevisiae reported by Pan et al. (68) . Notably, in this study, glycosylphosphatidylinositol (GPI)-anchored protein-coding genes were downregulated in C. albicans after PTE treatment. GPI-anchored proteins are important components of the cell wall and play important roles in biofilm formation by C. albicans (53) . The downregulation of GPI-anchored proteins and alteration of the cell surface may also be associated with the antibiofilm effect of PTE. Finally, ESC4 and YWP1 were found to be upregulated after PTE treatment. ESC4 encodes a protein that represses transposition in C. albicans, and its mutant was observed to have increased filamentous growth (50) . YWP1 (yeast wall protein 1) encodes a yeast-specific cell wall protein, and its mutation was revealed to cause increased adhesion and biofilm formation (51) . The upregulation of YWP1 and ESC4 may contribute to the antibiofilm effect of PTE, too. Collectively, the antibiofilm effect of PTE may be associated with the downregulation of morphological transition genes, downregulation of ergosterol biosynthesis, stress, alteration of the cell surface, and upregulation of YWP1 and ESC4.
Some downregulated genes after PTE treatment, including ECE1, ALS3, HWP1, HGC1, and ergosterol biosynthesis-related albicans SC5314 caused by PTE. Exponentially growing C. albicans SC5314 cells were transferred to hypha-inducing media. In liquid Spider medium, the cellular morphology was photographed after incubation at 37°C for 3.5 h. On solid Spider medium, approximately 10 cells were plated, and the culture was incubated at 37°C for 5 days. Bars, 100 m (left) and 400 m (right).
genes, are genes regulated by the Ras/cAMP pathway (54, 55, 69) . Notably, RAS1 itself was downregulated upon PTE exposure. Thus, we speculate that the antibiofilm effect of PTE involves the downregulation of the Ras/cAMP pathway. Exogenous cAMP reverted the morphogenesis defect caused by PTE in this study, which further supports our speculation. Nevertheless, further studies are required to explore whether PTE has a direct effect on Ras1 or whether it affects some other factor that regulates the expression of Ras1.
PTE exhibited an antibiofilm effect in vivo. The pharmacokinetics, oral bioavailability, and metabolism of PTE have been studied in rats, and the results indicate that when administered orally, PTE has a high bioavailability (17, 22, 70) . Kapetanovic et al. (70) revealed that approximately 80% of PTE was bioavailable following oral administration, while Lin et al. (22) reported that the bioavailability should be 95%. In addition, the half-life of PTE is up to 105 min, which is almost seven times longer than that of its analogue, resveratrol (14 min) (17) . In addition, it has been reported that dietary administration of a high dose of PTE produced no toxicity in mice. More specifically, 3,000 mg/kg of body weight/day of PTE for 28 days did not affect biochemical or clinical parameters or the organ weights of the tested mice (71) . These findings demonstrated that PTE possesses key preclinical characteristics of a potent antibiofilm agent.
Collectively, PTE has a strong antibiofilm effect against C. albicans in vitro and in vivo, which may be related to the Ras/cAMP pathway. PTE has high bioavailability and no toxicity for mice, which makes it ideally suited as a potent drug for the life-threatening biofilm-related infections caused by C. albicans. Further translational research is required to determine whether the antibiofilm effect of PTE is applicable in the clinical setting.
